Pseudotenacibaculum haliotis gen. nov., sp. nov., a new member within the TenacibaculumPolaribacter clade of the family Flavobacteriaceae, isolated from the intestine of adult abalones, Haliotis diversicolor and H. discus hannai Two rod-shaped marine bacterial strains named FDZSB0410 T and FDZWPB0420, were isolated from the intestine of two adult abalone species, Haliotis diversicolor and Haliotis discus hannai, respectively. The strains were non-flagellated, motile by gliding, oxidase-positive but catalasenegative, and agar-degrading. The two strains had identical 16S rRNA gene sequences with the highest sequence similarity less than 96.0 % with species of the genera Tenacibaculum and Polaribacter within the family Flavobacteriaceae. Phylogenetic analysis indicated the strains represented an independent cluster neighbouring with the species of the genera Tenacibaculum and Polaribacter. Strain FDZSB0410 T can grow under conditions at 15 to 37 C with optimum of 30 C, salinity range from 3 to 4 % (NaCl, w/v) with optimum of 3 %, and pH range from 7 to 8 with optimum of pH 7. The predominant fatty acids of strain FDZSB0410
The family Flavobacteriaceae constitutes the largest bacterial group of the phylum Bacteroidetes. This family contains over 100 genera encompassing nearly 600 species retrieved from the EzTaxon database (Kim et al., 2012) and the AllSpecies Living Tree Project (LTP) database (Yilmaz et al., 2014) . Due to its high diversity with bewildering complexity, this family is divided into five phylogenetic clades based on 16S rRNA gene sequence analysis, including Marine clade, Capnocytophaga clade, Flavobacterium clade, Tenacibaculum-Polaribacter clade, and Chryseobacterium clade (McBride, 2014) .
Members of the Tenacibaculum-Polaribacter clade mainly consist of two genera, Tenacibaculum and Polaribacter. All species of these two genera can be found in various marine environments. The genus Tenacibaculum is defined to be a rod-shaped bacterium adhering to the surfaces of marine organisms (Suzuki et al., 2001) . At the time of writing, there are already 24 species identified and described within this genus. The genus Polaribacter is defined to be a rod-shaped bacterium from the polar region (Gosink et al., 1998) . At the time of writing, this genus contains 14 species, and many of them are psychrophilic or psychrotrophic.
During our investigation of the intestinal bacterial composition of adult abalone, Haliotis spp. using a culturedependent method, two strains, FDZSB0410 T and FDZWPB0420, were isolated from two abalone species, Haliotis diversicolor and Haliotis discus hannai, respectively. Interestingly, the 16S rRNA gene sequences of strains FDZSB0410
T and FDZWPB0420 were identical, and had the highest sequence similarity of 95.7 % with Tenacibaculum skagerrakense D30
T . This indicated that the two strains may represent a novel taxa. In this study, we determined the taxonomic status of the bacterium using phenotypic, chemotaxonomic and also phylogenetic analysis, choosing strain FDZSB0410
T as the representative.
The adult abalones, H. divesicolor and H. discus hannai, (~4 cm in shell length) fed with a red alga Gracilaria sp., were collected from an abalone breeding centre located at Jinjing, Jinjiang, Fujian Province in November 2015. The abalones were starved for 3 days before dissection for intestines. The intestine (from stomach to anus) was dissected using sterile scissors and tweezers after immersing in 70 % ethanol for 1 min. The intestine was ground and diluted using sterile seawater. The serial dilution was spread onto MS agar medium composed of Marine Broth 2216 (BD) and agar (BD), which were autoclaved separately and mixed when cooling below 50 C. This culture method can prevent the production of hydrogen peroxide that can affect bacterial growth (Tanaka et al., 2014) . Plates were incubated at 25 C for 5 days. About 50 and 23 colonies from the intestines of H. diversicolor and H. discus hannai, respectively, formed on the plates of 10 4 dilution. All colonies were picked and streaked for pure culture. One bacterial isolate designated FDZSB0410
T was from the intestine of H. diversicolor, and another isolate designated FDZWPB0420 was from the intestine of H. discus hannai.
The total DNA of strain FDZSB0410 T and strain FDZWPB0420 was extracted using the Bacterial Genomic Extraction Kit (SBS) following the manufacturer's instructions. The 16S rRNA gene was amplified using the bacterial universal primers, Eubac27F and 1492R (Delong, 1992) using Ex Taq in 50 µl amplification system (TaKaRa). The sequence was directly determined with the primer sequence using the ABI 3730 sequencer (ThermoFisher Scientific) and removed the flanking ambiguous bases according to the chromatography of base calling. The result showed that the 16S rRNA gene sequences (1383 bp) of the two strains were identical.
The closest taxa of strain FDZSB0410
T were identified using the combination of BLAST against the nucleotide database (NCBI, http://www.ncbi.nlm.nih.gov/) and the EzBioCloud database (Kim et al., 2012) . The search results showed that the 16S rRNA gene of strain FDZSB0410
T had the highest sequence identity (97 %) with the uncultured bacterium clone MgKD02d007E01 (GenBank accession no. FJ644616), which was derived from bacteria associated with the benthic dinoflagellate, Ostreopsis ovata., and had the highest sequence similarity of 95.7 % with the cultured strain, T. skagerrakense D30 T , followed by 95. Phylogenetic analysis was carried out by retrieving the 16S rRNA gene sequences with similarities above 92.0 % as shown by EzTaxon analysis (EzBiocloud database) and the six sequences with similarities above 96 % from the NCBI database. Three different phylogenetic trees were reconstructed using MEGA 6.0 software (Tamura et al., 2013) : maximum-likelihood (ML), neighbour-joining (NJ), and maximum-parsimony (MP). The node support of the tree topology was evaluated using bootstrapping estimation of 1000 replicates for each method. The best substitution model GTR+G+I for ML tree was determined under the lowest BIC selection scores (Bayesian Information Criterion) as the value of lnL was À10 113.480 using the 24 different nucleotide substitution models. Phylogenetic analysis indicated that strains FDZSB0410 T and FDZWPB0420 were affiliated with the Tenacibaculum-Polaribacter clade of the family Flavobacteriaceae, showing more closely to Tenacibaculum but formed an independent node with two undescribed isolates (KYW 576 and NBRC 110213), which was different from the species within the genera Tenacibaculum and Polaribacter, suggesting that the two strains represented a novel genus of the Tenacibaculum-Polaribacter clade (Fig. 1) . The topology of the ML analysis was completely congruent with the NJ tree (Figs S1 and S2, available in the online Supplementary Material), substantially supporting this classification. Furthermore, the type species of the genus Tenacibaculum, T. maritimum (type strain NBRC 15946 T ), unexpectedly stands in a para-monophyletic clade from the other 23 species of this genus, more likely representing a novel genus which needs further examination in the future. In addition, Flavirhabdus iliipiscaria Th68 T , representing a recently described novel genus (Shakeela et al., 2015) , formed a robust node with the genus Lacinutrix, and the 16S rRNA gene sequence showed 97.2 % similarity with the sequence of Lacinutrix venerupis Cmf 20.8 T . This indicated that strain Th68
T could be reclassified into the genus Lacinutrix. Similarly, 'Marinitalea sucinacia' JC2131 (Kim et al., 2011) could be reclassified into the genus Lutibacter (similarity of 94.4-96.3 %) as examined from the phylogenetic analysis.
Draft genomes of strain FDZSB0410
T and strain FDZWPB0420 were determined using the Illumina Hiseq 2500 platform (Shanghai Majorbio Bio-Pharm Technology) according to the manufacturer's instructions. About 1 gigabase (G) of paired-end reads (2Â150 bp) for each strain were retrieved. The raw reads were assembled using the de novo assembly algorithm of CLC Genomics Workbench V. 8.1 (CLC bio) with the default settings. The contigs with sequence length longer than 1000 bp were kept. The genome DNA G+C content of strain FDZSB0410
T was Lutibacter aestuarii MA-My1 T (HM234096)
Lutibacter flavus IMCC1507 T (GU166749)
Lutibacter litoralis CL-TF09 T (AY962293)
Lutibacter crassostreae TYO-8 T (KP662555)
Maritimimonas rapanae A31 T (EU290161)
Cryomorpha ignava ACAM 647 T (AF170738) determined to be 35.3 mol% calculated using QUAST (Gurevich et al., 2013) . The average nucleotide identity (ANI) of the two strains pairwise calculated by the web service of EZGenome was 99.99 %, beyond the species boundary (95-96 %) (Richter & Rossello-Mora, 2009 ). Further, sequence-based DNA-DNA hybridization (DDH) was performed using the online Genome-to-Genome Distance Calculator (GGDC, http://ggdc.dsmz.de/). The resulting DDH value was 99.9 %, which was far beyond the boundary defining a different species (70 %), supporting that strains FDZSB0410 T and FDZWPB0420 represented the same species. Strain FDZSB0410 T was later chosen for the following analyses.
Colonies of strain FDZSB0410
T cultured on MS agar medium were circular, pale yellow and slim-like (Fig. S3) . The morphology of cells of strain FDZSB0410
T was observed using transmission electron microscopy after negative staining. Briefly, fresh bacterial cell suspension was spread on copper grids, stained with 2 % phosphotungstic acid, and observed under 80 KV with an electron microscope (TEM-1230; JEOL). The cells were rod-shaped, 2-4 µm long and 0.5 µm wide, and had no flagellum (Fig. S4) . The growth conditions were tested as follows. The growth temperature was set to 15, 25, 30, 35, 37, 45 and 60 C. The optimal salinity was determined using the basic medium Luria-Bertani broth supplemented with 0, 0.5, 1, 2 and 3 % (w/v) NaCl, and using MB medium supplemented with 4, 5, 6, 7, 8, 9, 10, 12, 15, 18 and 20 % (w/v) NaCl. The optimal pH for growth was tested in MB medium ranging from pH 3 to pH 11 at intervals of 1, adjusted with citrate/phosphate buffer (for pH 3-7), Tris/HCl buffer (pH 8-9) and sodium carbonate/sodium bicarbonate buffer (pH 10-11). The results showed strain FDZSB0410
T can grow at temperatures of 15 to 37 C with optimum growth at 30 C, a salinity range from 3 to 4 % (NaCl, w/v) with optimum of 3 %, and at pH 7-8 with optimum growth at pH 7. Gliding motility was observed in this strain using the hanging-drop method as previously described (Bernardet et al., 2002) . To test the agar-degrading ability, the transparent zone of the colony was observed using a flood of Lugol's solution after culturing the bacteria on MS (Fu & Kim, 2010) . Detailed phenotypic properties of strain FDZSB0410
T are summarized in Table 1 .
The isoprenoid quinone of strain FDZSB0410
T was measured using reversed-phase HPLC as previously described (Komagata & Suzuki, 1987) . The ubiquinone system was detected as menaquinone-6 (MK-6). The flexirubin type of pigment was determined using the colour change of the colony on a glass slide when flooding with 20 % KOH (Bernardet et al., 2002) . The carotenoid pigments were tested with the absorbance from 200 to 1000 nm using a spectrophotometer (SpectraMax M5; Molecular Device) after Table 1 . Physiological and biochemical properties of strain FDZSB0410
T and the type strains of species of the genera Tenacibaculum and Polaribacter
Strains: 1, FDZSB0410
T (data from this study); 2. T. maritimum NCIMB 2154 T (Wang et al., 2015) . 3. T. skagerrakense DSM 14836 T (Yoon et al., 2005) ; 4. T. lutimaris TF-26 T (Yoon et al., 2005) ; 5. P. porphyrae LNM-20 T (Fukui et al., 2013) ; 6. P. marinivivus GYSW-15 T (Park et al., 2014) . Data of strain 2 was not tested in this study but tested in our laboratory. +, Positive; À, negative; ND, no data available; V, variale reaction. -- extracting with acetone/methanol (7 : 2, v/v). The results showed that flexirubin was absent in this strain while carotenoid was detected but very weakly, and this was confirmed by using the gene annotation which contained carotenoid synthesis-related genes in the genome (data not shown). Oxidase was tested using the oxidase reagent to observe the simultaneous colour change of the colony stabilized on filter membrane. Catalase activity was detected by using the observation of bubble generation in 10 % H 2 O 2 solution.
The results showed that the oxidase activity was positive, while catalase activity was negative. To measure cellular the fatty acids , strain FDZSB0410 T was cultured on MS agar plates at 25 C for 2 days. The cellular fatty acids were extracted and identified following the standard MIDI protocol (Sherlock Microbial Identification System, version 6B). The predominant fatty acids of strain FDZSB0410 T consisted of iso-C 15 : 0 (30.5 %), iso-C 15 : 1 G (20.9 %), summed feature 3 (comprising C 16 : 1 !7c and/or C 16 : 1 !6c) (11.9 %), iso-C 13 : 0 (6.6 %), iso-C 17 : 0 3-OH (6.5 %) and iso-C 15 : 0 3-OH (5.7 %). The detailed fatty acid composition is listed in Table 2 .
Physiological activities and biochemical features were tested using API 20NE, API 20E and API ZYM kits (bioM erieux) according to the manufacturer's instructions. For these assays, strain FDZSB0410
T was firstly cultured on MS agar plates at 25 C for 2 days, then cells were collected and suspended with sterile seawater, and inoculated into API 20NE, API 20E and API ZYM test strips. Test strips were cultured at 25 C for determining the physiological properties.
For polar lipid analysis, strain FDZSB0410
T was cultured on MS agar plates at 25 C for 2 days, and the biomass was collected using a sterile loop. Polar lipids were extracted using a chloroform/methanol system and analysed using one-& two-dimensional TLC using Merck silica gel 60 F254 aluminium-backed thin-layer plates. The polar lipids of this bacterium were identified as aminolipid, glycolipid, phosphatidylglycerol, an unknown phospholipid and four unknown lipids (Fig. S5 ).
Combining the above results, strains FDZSB0410
T and FDZWPB0420 represented a novel genus within the Tenacibaculum-Polaribacter clade affiliated with the family Flavobacteriaceae. Catalase activity was negative for this novel genus, while it was positive for Tenacibaculum and Polaribacter (Table 1) ; the major fatty acid of the novel genus was iso-C 15 : 0 , which was more similar to Polaribacter than Table 2 . Cellular fatty acid composition of strain FDZSB0410
T (data from this study); 2. T. maritimum NCIMB 2154 T (Wang et al., 2015) . 3. T. skagerrakense DSM 14836 T (Yoon et al., 2005 5) ; 4. T. lutimaris TF-26 T ( Yoon et al., 2005) ; 5. P. porphyrae LNM-20 T (Fukui et al., 2013) ; 6. P. marinivivus GYSW-15 T (Park et al., 2014) . Data of strain 2 was not tested in this study but tested in our laboratory. Values are percentages of total fatty acids. ND, Not detected; TR, trace amount (<1.0 %). Gram-stain-negative, rod-shaped, non-flagellated, oxidasepositive and catalase-negative. Growth is observed at 15 to 37 C, with salinity range from 3 to 4 %, and at pH range from 7 to 8. The major fatty acid is iso-C 15 : 0. It is a phylogenetic group within the Tenacibaculum-Polaribacter clade, closely related but different from the genus Tenacibaculum. The G+C content is around 35.3 mol%.
Fatty
The type species is Pseudotenacibaculum haliotis.
Description of Pseudotenacibaculum haliotis sp. nov.
Pseudotenacibaculum haliotis (ha.li.o¢tis. N.L. gen. n. haliotis of Haliotis, the genus name of abalone).
Displays the following characteristics in addition to those given in the genus description. Cells are 2-4 µm long and 0.5 µm wide and motile by means of gliding. Optimum growth is observed at 30 C, with salinity of 3 %, and at pH 7. Can degrade agar. Positive for alkaline phosphatase, esterase (C4), esterase lipase (C8), leucine arylamidase, valine arylamidase, cystine arylamidase, trypsin, a-chymotrypsin, acid phosphatase, naphthol-AS-BI-phosphohydrolase and N-acetyl-b-glucosaminidase activity; and negative for lipase (C14), a-galactosidase, b-galactosidas, b-glucuronidas, a-glucosidase, b-glucosidase, a-mannosidase, and bfucosidase, lysine decarboxylase, ornithine decarboxylase and tryptophan deaminase activity. Citrate cannot be utilized. Production of H 2 S and Voges-Proskauer reaction are negative. Negative for fermentation of D-glucose, mannitol, inositol, sorbitol, rhamnose, sucrose, melibiose, amygdalin and arabinose. Nitrate can be reduced to nitrite and to nitrogen. Indole is not produced. N-acetylglucosamine, potassium gluconate, capric acid, adipic acid, adipic acid, malic acid, trisodium citrate and phenylacetic acid. The predominant fatty acids are iso-C 15 : 0 , iso-C 15 : 1 G, summed feature 3 (comprising C 16 : 1 !7c and/or C 16 : 1 !6c), iso-C 13 : 0 , iso-C 17 : 0 3-OH and iso-C 15 : 0 3-OH. The respiratory quinone is MK-6. The flexirubintype pigment is absent, but carotenoid is present.
The type strain FDZSB0410 T (=KCTC 52127 T =MCCC 1A01897 T ) was isolated from the intestine of adult abalone, H. diversicolor. The G+C content of the type strain is 35.3 mol% calculated from assembly draft genome. An additional strain of the species is FDZWPB0420 from the intestine of the abalone H. discus hannai
